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Introduction

Features of malignant tumors include invasion and metastasis. 
Metastasis constitutes a complex process during which primary 
tumor cells invade adjacent normal tissues and metastasize to 
distant organs, where they give birth to secondary tumors.1 Loss 
of E-cadherin expression is considered crucial in the transition 
of non-invasive adenoma to invasive carcinoma and represents a 
fundamental step of epithelial-mesenchymal transition (EMT).2,3 
In recent years, enormous efforts have been done to elucidate 
the mechanisms of the metastatic process, as well as to identify 
which genes are involved. Moreover, it has become evident 

that abnormalities in non-coding genes, including microRNAs 
(miRNAs), can contribute to cancer pathogenesis. Particularly, 
the effect of miRNAs on cell invasion and migration has been 
documented,4 even though the mechanisms involved and the 
functionality of miRNAs in cancer are largely unknown.5 Studies 
have uncovered several transcription factors that can affect or 
even determine many biological changes needed to execute the 
initial steps of the invasion-metastasis cascade.6-8 For example, 
the transcription factor AP-1, a heterodimeric complex mainly 
composed of JUN and FOS families, is a regulator of several 
cancer hallmarks.9–11 Expression of AP-1 components, FRA1 and 
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Previous studies have uncovered several transcription factors that determine biological alterations in tumor cells 
to execute the invasion-metastasis cascade, including the epithelial-mesenchymal transition (EMT). We sought to 
investigate the role of miR-21 in colorectal cancer regulation. For this purpose, miR-21 expression was quantified in a 
panel of colorectal cancer cell lines and clinical specimens. High expression was found in cell lines with EMT properties 
and in the vast majority of human tumor specimens. We demonstrate in a cell-specific manner the occupancy of MIR-21 
gene promoter by AP-1 and ETS1 transcription factors and, for the first time, the pattern of histone posttranslational 
modifications necessary for miR-21 overexpression. We also show that Integrin-β4 (ITGβ4), exclusively expressed in 
polarized epithelial cells, is a novel miR-21 target gene and plays a role in the regulation of EMT, since it is remarkably 
de-repressed after transient miR-21 silencing and downregulated after miR-21 overexpression. miR-21-dependent 
change of ITGβ4 expression significantly affects cell migration properties of colon cancer cells. Finally, in a subgroup 
of tumor specimens, ROC curve analysis performed on quantitative PCR data sets for miR-21, ITGβ4, and PDCD4 shows 
that the combination of high miR-21 with low ITGβ4 and PDCD4 expression is able to predict presence of metastasis. In 
conclusion, miR-21 is a key player in oncogenic EMT, its overexpression is controlled by the cooperation of genetic and 
epigenetic alterations, and its levels, along with ITGβ4 and PDCD4 expression, could be exploited as a prognostic tool 
for CRC metastasis.
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JUN, is induced by the RAF/MEK/ERK mitogenic cascade,12 
a distinct signaling pathway triggered by the binding of RAS 
effector proteins to RAF kinase and/or phosphatidylinositol 
3-kinase (PI3K).13

miR-21 is considered an oncomir; indeed, unlike other 
miRNAs, it is frequently upregulated in the majority of solid 
tumors,14 including breast,15 prostate,16 colon,17 and lung 
cancer,18 as well as glioblastoma.19 More importantly, miR-21 
expression level is associated with established prognostic factors 
and constitutes a significant predictor of survival in colorectal 
cancer (CRC)20,21 and in non-small-cell lung cancer.18 Evidence 
indicates that deregulation of the RAS pathway,22,23 epigenetic 
alterations,24,25 mutations,26 DNA copy number abnormalities,27 
and defects in the miRNA biogenesis machinery28 might 
contribute to deregulation of miRNAs levels in human cancer. 
Moreover, it has recently been proven that miRNAs, and in 
particular miR-21, play a role in regulatory circuits involving 
epigenetic switches, required for the transformation of cancer 
cells.29 Interestingly, these circuits can be transiently activated 
by specific stimuli and propagated for many generations in the 
absence of the initiating signal.30

Transcription activation of gene promoters largely depends 
on chromatin conformation.31 In fact, euchromatin is associated 
with distinct active domains, whereas transcriptionally inactive 
domains lie within the heterochromatin. Regulation of 
chromatin status is achieved by epigenetic mechanisms, such 
as posttranslational modifications of histone tails operated by 
modifier enzymes on specific amino acid residues. Important 
histone modifications include, among others, acetylation, 
methylation, and phosphorylation. Deregulation of histone 
modifications and the respective modifier enzymes have been 
associated with cancer,32 although no studies have focused and 
investigated the aberrant histone modifications that may be 
responsible for miR-21 upregulation in CRC.

Epithelial tissues, such as colon mucosa, are characterized 
by a well-defined tissue architecture that largely depends on the 
expression of specific cell surface adhesion molecules (such as 
integrins, cadherins, and others), that interact with extracellular 
matrix and neighboring cells. During malignant progression, 
the expression and sub-cellular localization of several cell 
adhesion molecules change as a consequence of EMT. Integrins 
are transmembrane αβ-heterodimer glycoproteins, constituting 
a major class of receptors that can interact with extracellular 
matrix molecules and mediate cell-matrix interactions. Many 
integrins are expressed by human intestinal epithelial cells.33,34 
Integrin β4 (ITGβ4) forms, together with ITGα6, a single 
functional heterodimer, named ITGα6β4. Studies have shown 
that distinct forms of the α6 and β4 subunits are expressed 
in the intestine tissue and, more importantly, various forms 
of α6β4 can differentially regulate intestinal epithelial cell 
functions under both normal and pathological conditions.35 In 
CRC, expression of ITGβ4 subunit has been characterized in 
a number of studies.36-38 Although these studies report uniform 
expression of ITGβ4 at the base of epithelial cells in the normal 
colon mucosa, the analysis of its expression in malignancies has 
led to conflicting results. Indeed, ITGβ4 expression was found 

to be reduced or even lost,36 maintained,38 or heterogeneously 
increased37 in carcinomas. Interestingly, Sordat et al. described a 
particular expression pattern for ITGβ4, which was maintained 
in well-differentiated carcinomas and decreased in moderately 
and poorly differentiated carcinomas.38 The last findings 
indicate that ITGβ4 is critical for a correct and functional tissue 
architecture, since tumor tissues where its expression is low or lost 
present the most aggressive phenotype.

In order to better understand the miR-21 deregulation and 
its implication in EMT, we focused on how transcriptional and 
epigenetic mechanisms might cooperate to deregulate miR-21 
in CRC. For this purpose, miR-21 was quantified in a panel of 
CRC cell lines and in stably transfected Caco-2 clones bearing a 
mutated Harvey-RAS (HRAS) oncogene Caco-H2.39 Chromatin 
conformation status on MIR21 gene promoter was investigated, 
as well as the occupancy of the MIR21 gene promoter by AP-1 
and ETS1 transcription factors. Using anti-miR-21 and mimic-
miR-21 we investigated the effect of miR-21 inhibition and 
overexpression on cell-migration and -viability and sought for new 
target genes. ITGβ4 protein expression was affected positively 
by miR-21 silencing and negatively by miR-21 overexpression 
and is proposed as a new miR-21 target. Finally, the prognostic 
performance of a combined 3-gene assay (MIR21, ITGβ4, and 
PDCD4) was demonstrated to be effective on a subgroup of CRC 
patients toward prediction of metastatic disease.

Results

miR-21 is overexpressed in CRC cell lines with high 
metastatic potential and EMT traits

We quantified miR-21 levels in relation to the snRNA RNU6B 
in CRC cell lines with distinct properties, as well as in Caco-H2 
(Fig. 1A). Caco-2 and DLD-1 cells were shown to express low 
levels of miR-21 in comparison with all other cell lines, with 
Caco-2 intermediate adenoma cell line showing the lowest. For 
this reason, relative miR-21 levels in all cell lines were normalized 
against miR-21 levels in Caco-2 cells. On the other hand, levels 
of miR-21 in HT-29 and SW620 colon cancer cells were 1.5-fold 
higher, compared with miR-21 levels in Caco-2 cells. Moreover, 
HCT116, Colo-205, Caco-H2, and RKO cells presented a very 
high expression of miR-21, about 3-fold compared with the 
calibrator cell line (Caco-2). In EMT cell lines showing very low 
levels of the epithelial marker E-cadherin (Fig.  1B; Table S1), 
high miR-21 expression was detected, with the exception of 
Colo-205 cell line.

AP-1 and ETS1 bind the promoter of the MIR21 gene with 
different affinity in colorectal cancer cell lines with distinct 
EMT properties

Loss of E-cadherin is recognized as a marker of EMT2,3 and 
is associated with gain of cell migration ability. Figure S1 shows 
the morphology of Caco-H2, SW620, HCT116, RKO, and 
the control Caco-2 cell line. While Caco-2 cells form small cell 
aggregates and do not migrate (Table S1), the other examined 
cell lines have the tendency to grow singularly with plasma 
membrane protrusion and express a mesenchymal marker such 
as Vimentin. Furthermore, compared with Caco-2 they have 
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superior migration ability. All together these characteristics 
represent clear traits of EMT phenotype. A previous study40 
demonstrated that miR-21 overexpression is linked to invasion 
and metastasis, but little is known about which factors and 
pathways are involved in miR-21 upregulation. Thus, we sought 
to identify transcription factors that might account for miR-21 
overexpression, with consequent enhancement of cell mobility, 
using cell models with EMT properties and migration ability. 
Toward this direction, we determined the occupancy of the 
MIR21 gene promoter by AP-1 and ETS1 in the above mentioned 
EMT CRC cell lines. Figure 2A shows a schematic representation 
of the MIR21 gene promoter based on the structure that Fujita 
et  al. proposed,41 possessing three putative AP-1-binding sites 
and two potential ETS1-binding sites. First, we examined the 
protein levels of AP-1 family (CJUN, JUNB, JUND, FRA1, and 
FRA2) and ETS1 transcription factors (Fig. 2B). All of them, 
except for FRA2, were expressed almost exclusively in cell lines 
with an invasive phenotype. Therefore, we performed a detailed 
ChIP assay to study the binding properties of each transcription 
factor on the miR-21 promoter (Fig. 2C). This analysis revealed 
that both AP-1 and ETS1 transcription factors bind the miR-
21 promoter in CRC cell lines, though with different affinity. 
In particular, FRA1 shows very strong affinity for miR-21 gene 
promoter, mainly in HCT116 and RKO cells, as ChIP unveils a 
29- and 26-fold enrichment (Fig. 2C), respectively, as compared 
with control-input DNA. CJUN is also strongly bound to the 
miR-21 promoter in RKO cells, presenting a 26-fold enrichment. 
The other members of the JUN family overall present a 
significant binding on miR-21 promoter in EMT cell lines, 
compared with Caco-2 control cells. Similar was the occupancy 
for ETS1; in Caco-2 cells the enrichment is ~3-fold as compared 

with input DNA, whereas in EMT cells it ranges from more that 
4- in HCT116 cells up to 8-fold in RKO cells, as compared with 
input DNA. Moreover, to provide further evidence that pathways 
regulating AP-1/ETS factors can also affect miR-21 expression, 
the MAPK pathway was blocked in HCT116 cells by a treatment 
with the MEK inhibitor UO126 for a time course of 24 h. A 
considerable downregulation in pri-miR-21 precursor expression 
was detected within the first few hours after treatment, coinciding 
with the reduction of ERK phosphorylation (Fig. S2). These data 
point to a transcriptional effect of the MAPK pathway on miR-
21 expression. No reduction in the biogenesis of mature miR-21 
was detected, probably due to the high accumulation of mature 
products in the cell body and/or increased stability of the mature 
species in this particular cell line.

AP-1 and ETS1 transcription factors regulate transcription 
of the MIR21 gene

We studied the transcriptional regulation potential of miR-21 
by AP-1 and ETS1 siRNA in SW620, HCT116, and Caco-H2 
cell lines (Fig.  S3A). CJUN/FRA1/JUNB and ETS1 silencing 
reduced miR-21 gene expression with different efficiency, both 
at primary transcript and at mature miR-21 level in the studied 
cell lines (Fig. 3A). pri-miR-21 levels showed a covariance with 
mature miR-21 levels, both showing remarkable decrease in most 
cases in almost all cell line systems. In HCT116 cells we verified 
by ChIP analysis the displacement from miR-21 promoter of 
CJUN and FRA1 after siRNA. JUN enrichment decreased from 
8.5 to 5.2, whereas for FRA1 the reduction was more consistent 
from 29.66 to 7.2 (Fig.  S3B). These results showed that miR-
21 transcription was reduced as a direct consequence of CJUN/
FRA1 lowering from miR-21 promoter.

We next performed overexpression of CJUN and ETS1, each 
one alone or in combination, in Caco-2 cells (Fig.  S4). This 
overexpression resulted in a remarkable increase of pri-miR-21 
levels ranging from 3 to 6 fold, which was higher after CJUN 
overexpression and even higher after co-overexpression of CJUN 
and ETS1 proteins (Fig. 3B). On the other hand, as for siRNA 
experiments, levels of the mature miR-21 did not increase as 
much as pri-miR-21 levels. However, after ETS1 overexpression, 
yet a 1.4-fold increase in mature miR-21 levels was observed 
in Caco-2 cells, as well as an almost 3.5-fold increase in miR-
21 levels after CJUN overexpression. In CJUN and ETS1 
co-transfection, overexpression of both transcription factors 
resulted in a considerable near to 4-fold induction of the mature 
form of miR-21 (Fig. 3B).

High levels of activating histone posttranslational 
modification on the MIR21 gene promoter correlate with miR-
21 expression

Chromatin conformation status plays a major role in gene 
expression.31 To verify if across the cell lines analyzed the different 
transcription factor binding affinity to miR-21 promoter is 
dependent on epigenetic mechanisms, we performed ChIP analysis 
using antibodies for histone modifications associated with active 
transcription state (H3K9-14ac, H3K3me3, and H3K27ac) and 
with inactive transcription state (H3K27me3 and H3K9me2). 
We found complete absence of inactive marks such as H3K27me3 
and H3K9me2 on miR-21 promoter in all cell lines analyzed 

Figure 1. Expression levels of mature miR-21 and the epithelial marker 
E-Cadherin in CRC cell lines. (A) Quantitative PCR analysis showed 
high levels of mature miR-21 in cell lines with mesenchymal traits.  
(B) E-Cadherin protein levels are particularly low in cells overexpress-
ing miR-21. Stars on each bar indicate the P value (t test) calculated with 
respect to the expression value of Caco-2 cell line. Significant differ-
ences: ***P < 0.001; **P < 0.005; N.S. not significant.
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(Fig.  4A). On the other hand, histone modifications such as 
H3K9-14ac, H3K4me3, and H3K27ac, associated with active 
transcription, were higher on miR-21 promoter in EMT cells 
compared with control Caco-2 cells. Correlation between 
transcription factor binding and histone modification revealed 
that high histone acetylation is associated with AP-1 and ETS1 
binding on the miR-21 promoter. The relationship between miR-
21 promoter acetylation and miR-21 expression was studied using 
siRNA vs. the major histone acetyl-transferase enzyme GCN5. 
For the selection of a cell system to use in this experiment we first 
performed a protein expression analysis of GCN5 in all cell lines 
by WB. GCN5 protein level was found particularly high in RKO 
and SW620 cell lines (Fig. S5A). Silencing of GCN5 protein in 
RKO cells resulted in a reduction of pri-miR-21 mRNA (Fig. 4B).

miR-21 inhibition reduces the migrating properties of colon 
cancer cells with EMT phenotype and de-represses ITGβ4, its 
new target gene

We blocked the activity of endogenous mature miR-21 using 
a specific miR-21 inhibitor based on the LNA technology in 
HCT116 and RKO cell lines. Twenty-four hours after transfection, 
protein levels of a validated miR-21 target (PTEN) increased, 
confirming the functional blocking of miR-21 (Fig.  S5B). To 
verify the role of miR-21 in cell migration, HCT116 and RKO 
cells were transiently transfected with anti-miR-21 and their 

migration capacity was measured using transwell systems. 
Inhibition of mature miR-21 caused reduction of migration 
capacity by roughly 40% in both cell lines (Fig.  5A). 
Furthermore, viability tests (SRB and MTT assays) confirmed 
that the effect on cell migration was due to the reduction of miR-
21 activity and not to cell number reduction. In fact, anti-miR-21 
treatment affected cell viability only marginally after 24 h,  
with a slight effect (~15% less cell) after a 48 h anti-miR-21 
transfection (Fig. S5C). The role of miR-21 in cell migration was 
further investigated with a gain of function approach. Because 
of the inability of Caco-2 to move (Table S1) and to migrate on 
transwell system, the link among miR-21 overexpression and 
migration was analyzed using the DLD1 cell line, that presents 
miR-21 and E-cadherin steady-state expression levels similar 
to Caco-2, but DLD1 cells are able to migrate (Fig.  1B). In 
DLD1 cells, miR-21 was overexpressed using mirVana mimic 
technology. Twenty-four hours after transfection miR-21 was 
upregulated by 16.45-fold (Fig. S6A) and migration and wound 
healing assays were set allowing cells to migrate for additionally 
24 h. Overexpression of miR-21 caused an increase of DLD1 
cell migration on transwell system by 35% (Fig.  5B). Gain of 
DLD1 cell mobility and cell-phenotype changes (elongated cell-
body typical of mesenchymal cells) were also observed on wound 
healing assay (Fig. S6B).

Figure 2. Expression and occupancy of MIR-21 gene promoter by AP-1 and ETS1 transcription factors and its regulation by MAPK pathway in CRC cell 
lines with EMT properties. (A) Schematic representation of the MIR-21 gene promoter. AP-1, ETS1, and others regulatory elements are shown. Numbers 
represent the position of regulatory sequences with respect to transcription start site. Arrows indicate the position of forward and reverse primers used 
for ChIP experiments. (B) Protein expression of ETS1 and major AP-1 family components in selected cell lines with EMT phenotype. (C) ChIP-coupled 
quantitative PCR analysis of enrichment of transcription factors at MIR-21 promoter. FRA1 and CJUN showed strong binding in all EMT cell lines com-
pared with Caco-2 cells. Enrichment for each transcription factor was normalized to input DNA using the ΔΔCt method. Stars on each bar indicate the  
P value (t-test) calculated with respect to Input DNA. Significant differences: ***P ≤ 0.001; **P ≤ 0.005; N.S., not significant

©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.



www.landesbioscience.com	E pigenetics	 133

Expression analysis (data not shown) on a panel of genes 
related to cell migration was performed in HCT116 and RKO 
cells transiently transfected with anti-miR-21 in order to identify 
potential target genes that are regulated by miR-21. ITGβ4 
mRNA was found to be enhanced by nearly 2-fold in cells 
treated with anti-miR-21 (Fig.  5C). De-repression of ITGβ4 
was confirmed by WB analysis in cell lines with EMT properties 
(Fig. 5D). Furthermore, a confocal microscopy scan of HCT116 
cells treated with anti-miR-21 showed a clearly de-repression of 
ITGβ4 (dots, Fig. 5E) and most importantly provided a rational 
explanation for cell migration inhibition. Indeed, in anti-miR-
21-treated HCT116 cells the sub-cellular localization of several 
dots appeared at the cell junctions (arrows Fig.  5E), resulting 
in a more tight cell-cell contact that impairs cell-mobility. To 
corroborate this finding miR-21 was overexpressed in Caco-2 
control cell line and a reduction of 60% of ITGβ4 protein was 
detected 24 h post transfection (Fig. 5F).

The entire coding sequence of ITGβ4 mRNA was scanned 
for the presence of miR-21 putative target sites using RegRNA 
software.42 Several putative miR-21 binding sites were identified; 
those with high score are reported in Figure  S7. Interestingly, 
not only the major miR-21 strand (hsa-miR-21-5p) is able to 
target ITGβ4 coding sequence at the position 735–757, but 
also the minor strand named hsa-miR21-3p (also known as 
hsa-miR-21*). Furthermore, evaluation of ITGβ4 mRNA 
and protein levels on 8 CRC cell lines confirmed that ITGβ4 

is posttranscriptionally regulated in 
colon cancer. In fact, although with 
respect to Caco-2 cell line all other cell 
lines, except RKO, express high level 
of ITGβ4 mRNA (>10-fold), ITGβ4 
protein levels were lower in comparison 
with Caco-2 (Fig. 5G).

Finally, to prove that the axis miR-
21-ITGβ4 controls, at least in part, 
cell migration in CRC cell lines, we 
used two different approaches. RKO 
and HCT116 were: (1) co-transfected 
with anti-miR-21 and siITGβ4, seeded 
on transwell and cell migration was 
examined; (2) transfected with anti-
miR-21, seeded on transwell in presence 
of anti-ITGβ4 blocking antibody and 
cell migration was examined. Figure 6 
shows results of the last approach 
described above in RKO and HCT116 
cell lines. Interestingly, ITGβ4 silencing 
(data not shown) and functional 
blocking (Fig.  6A and B) separately 
were able to enhance cell mobility in 
control cells and most importantly 
restore migration by ~50% in anti-miR-
21-treated RKO cells (Fig.  6B). These 
two assays, together with the miR-21 
overexpression in Caco-2 and DLD1 
(Figs.  5B and F), demonstrate that 

ITGB4 is a target of miR-21 and both play a role in tumor cell 
migration.

miR-21, ITGβ4 and PDCD4 expression levels predict 
presence of metastasis in CRC specimens

A quantitative PCR analysis was performed on 64 specimens 
of colon adenocarcinoma tumors and 9 normal colon mucosa 
controls. Overall, miR-21 was upregulated in 82.8% (53 out of 
64) of tumors compared with normal tissues (P = 0.0001) with a 
fold-change median >3 (Fig. 7A; Table 1). ITGβ4 expression was 
variable. In tumor tissues, variance ranged from 0.22- to 160-
fold, with a median close to the normal tissues value, 1.96 and 
1.35, respectively (P = 0.3829) (Fig. 7A; Table 1). Programmed 
cell death 4 (PDCD4) is a transformation suppressor that 
inhibits tumor neoplastic transformation and is involved in AP-1-
dependent transcription required for transformation. Studies 
have shown that, in CRC, PDCD4 protein level is controlled 
by miR-21, but PDCD4 mRNA degradation by miR-21 is not 
clear.40,43,44 To further validate the miR-21-related PDCD4 
regulation in tumor tissues, we examined its levels in the group 
of specimens analyzed for miR-21 and ITGβ4 expression. 
PDCD4 mRNA levels, unlike ITGβ4, were low or very low in 
the vast majority of tumor tissues analyzed, median value 0.28  
(P < 0.0001) (Fig. 7A; Table 1) in contrast with a previous study.40 
We evaluated, using receiver operating characteristic (ROC) 
curve and quantitative PCR data sets, the usefulness of miR-21- 
and target-expression as prognostic tools for metastatic disease 

Figure  3. Regulation of MIR-21 gene expression by selected AP-1 and ETS1 transcription factors.  
(A) Quantitative PCR of pri-miR-21 and mature miR-21 in three EMT cell lines transiently transfected 
with siRNA against CJUN, JUNB, FRA1, and ETS1 genes. Both species of miR-21 gene were reduced after 
transcription factor silencing. (B) Quantitative PCR of pri-miR-21 and mature miR-21 in Caco-2 cells 
transfected with plasmid vectors carrying ETS1 and CJUN cDNA. Upon ectopic overexpression of ETS1 
and CJUN proteins, levels of pri-miR-21 and mature miR-21 were increased. Stars on each bar indicate 
the P value (t-test) calculated with respect to untreated samples. Significant differences: ***P ≤ 0.001; 
**P ≤ 0.005; N.S., not significant
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prediction. ROC curves performed 
using a single-gene test on undivided 
specimens are shown in Figure  7B. 
The area under curve (AUC) for 
each gene alone was close to 0.5, 
discriminating power was not better 
than by chance (table in Fig.  7B). 
Quantitative data were combined 
using logistic regression and the 
performance of a 3-gene prognostic 
assay was tested on all samples. Once 
again, on undivided specimens the 
prognostic accuracy was poor AUC = 
0.55, P = 0.5 (Fig. S8A). We assumed 
that ITGβ4 might be critical on 
the initiation of metastatic cascade 
when downregulated. Therefore, 
tumor samples were grouped in 
three cohorts (low [11/64], normal 
[15/64], and high [38/64]) based on 
ITGβ4 expression (cut off <0.8-fold) 
and statistical analysis was performed 
on each group. The performance of 
ROC curves, both individually and 
in combination, was optimal in the 
low ITGβ4 group (Fig.  7C). The 
best AUC value (>0.86, P < 0.01) for 
this group was obtained when miR-
21, ITGβ4, and PDCD4 genes were 
combined using logistic regression 
in a unique 3-gene prognostic 
assay (Fig.  7D). The same analysis 
performed on cohorts with normal and high ITGβ4 mRNA did 
not show any significant predictive ability (Fig. S8B and C).

Discussion

Oncogenic transformation is generally associated with 
enhancement of endogenous AP-1 activity through various 
pathways, and this strongly contributes to malignant potential.45 
However, not all regulatory networks and target genes depending 
on AP-1 activity are well investigated. Previous studies have 
shown that binding of both FOS and JUN to miR-21 promoter 
region is increased after phorbol 12-myristate 13-acetate PMA 
stimulation, and that JUNB, JUND, and PU.1 (ETS1 family) 
also bind MIR21 gene promoter in cancer cells.40 Nevertheless, 
miR-21 transcription can also be induced by STAT3 due to 

two binding sites on its gene promoter, or by AKT pathway.29,46 
Furthermore, in vitro treatment with the DNA demethylating 
agent 5-aza-2-deoxycytidine25 and the histone deacetylase 
inhibitor 4-phenylbutyric acid, which affected miR-21 global 
expression, suggested an involvement of epigenetic mechanisms 
in deregulation of miRNAs expression in cancer.47

miR-21 is regulated by onco-epigenetic pathways
We have investigated in detail miR-21 promoter occupancy 

by AP-1 and ETS transcription factors by performing ChIP, 
silencing, and overexpressing these transcription factors in colon 
cancer cell lines with distinct EMT traits. We did not observe, 
in all cell lines used, concomitant variation between pri-miR-21 
and mature miR-21 levels in siRNA or transcription factor 
overexpression experiments, probably due to the delay between 
transcription and maturation process and/or the presence of 

Figure 4. Histone posttranslational modifications on MIR-21 gene promoter and their effects on miR-21 
expression. (A) ChIP-coupled quantitative PCR analysis related to the enrichment of activating (H3K9–
14ac, H3K27ac, and H3K4me3) and repressing (H3K27me3, H3K9me2) histone marks on MIR-21 promoter. 
(B) Quantitative PCR analysis of pri-miR-21 abundance in RKO cells treated with siRNA vs. the histone acet-
yltransferase enzyme GCN5. RNA was extracted 48 h after siGCN5 transfection. Stars on each bar indicate 
the p value (t-test) calculated with respect to input DNA or untreated samples. Significant differences: 
***P ≤ 0,001; **P ≤ 0,005; N.S., not significant. Numbers above the bars represent fold change.

Figure 5 (See opposite page). miR-21 posttranscriptionally regulates ITGβ4 and controls cell migration. (A) HCT116 and RKO were transfected with 
miR-21 inhibitor and their migratory properties were tested with transwell systems. Reduction of migratory ability was observed and quantified in anti-
miR-21 treated cells (bottom histograms). Quantification of migratory ability was done by counting the number of cells that passed through the polycar-
bonate membrane of transwells in three randomly chosen areas for each experimental point considering parental cells as control (bottom histograms). 
(B) Overexpression of mature miR-21 in DLD1 using mirVana mimic-miR-21 enhanced cell migration. (C) ITGβ4 mRNA and (D) ITGβ4 protein expression 
increased in HCT116 and RKO transfected with miR-21 inhibitor. (E) Confocal microscopy pictures of HCT116 cells treated with anti-miR-21. Nuclei have 
been counterstained with Hoechst (blue). ITGβ4 (red), phase contrast images and nuclei staining Hoechst are also showed in a unique stack. Band 20 
μm. (F) Overexpression of mature miR-21 in Caco-2 using mirVana mimic-miR-21 caused ITGβ4 protein downregulation. (G) ITGβ4 protein and mRNA 
levels in CRC cell lines. Stars on each bar indicate the P value (t-test) calculated with respect to parental, untreated samples or over ITGβ4 mRNA level of 
Caco-2 cell lines. Significant differences: ***P ≤ 0.001; **P ≤ 0.005; N.S., not significant
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Figure 5. For figure legend, see page 134.
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an additional protective feedback 
mechanism. Nevertheless, CJUN, 
FRA1, and ETS1 were found binding 
the MIR21gene promoter. In particular, 
we confirmed that FRA122 shows very 
strong affinity for MIR21 gene promoter 
in cancer cells with invasive phenotype, 
such as HCT116 and RKO. These data 
suggest a possible mechanism through 
which FRA1 might act in cancer cells, 
since FRA1 is able to enhance cancer 
cell invasiveness48 and is upregulated in 
several human malignances, including 
breast cancer.49 Another important 
novel finding of our work is that 
FRA1 and other AP-1 components 
together with the ETS1 transcription 
factor increase their occupancy on the 
MIR21 gene promoter in Caco-H2, 
compared with the parental Caco-2 
cells. Although a potential synergy 
between members of the two families 
of transcription factors was suggested 
by two independent studies,22,45 
this study provides proof that RAS 
pathway controls miR-21 expression 
via AP-1 and ETS1 transcription 
factors that are overexpressed in a 
cell line (Caco-2) stably transfected 
with mutated Harvey-RAS oncogene39 
and other adenocarcinoma cell lines  
(Figs. 2 and 3).

Although the above findings 
provide a genetic explanation for 
miR-21 overexpression based on RAS 
pathway deregulation, a non-negligible 
percentage of tumors expressing high 
miR-21 levels may not bear EGFR/
RAS/BRAF mutations.22,30 To 
dissect this issue, we examined the 
contribution of epigenetic mechanisms 
to miR-21 deregulation. Indeed, in 
recent years it has become evident that 
hypermethylation of DNA CpG islands 
and aberrant histone posttranslational 
modifications on miRNA promoters 
might affect miRNAs expression.50-52 Furthermore, concerning 
the role of epigenetic mechanisms on miR-21 biogenesis, Ribas 
et al. have recently demonstrated a novel independent-regulated 
source of miR-21.53 The miR-21 gene lies on vacuole membrane 
protein-1 (VMP1) genetic locus and the authors identified a 
VMP1-miR-21 fusion transcript that is overexpressed in several 
cell lines and differentially responds to specific stimuli, such 
as epigenetic modifying agents. While numerous studies have 
already demonstrated the involvement of DNA methylation in 
miRNA regulation,54,55 the contribution of histone marks is still 

poorly studied and the few available studies are mainly focused 
on histone modifications able to silence miRNA expression. 
For instance, Li et  al. have demonstrated that silencing of 
miR-22 expression in acute lymphoblastic leukemia involves 
histone modification, such as accumulation of H3K27me3, 
independently of DNA methylation.50 In our study, ChIP analysis 
revealed that marks of active transcription H3K3me3, H3K9–
14ac, and H3K27ac were enhanced on the MIR-21 promoter in 
CRC cell lines with EMT phenotype; on the other hand, histone 
marks associated with gene repression, such as H3K27me3 

Figure 6. Functional inhibition of ITGβ4 protein in CRC cell lines reverts anti-miR-21 effects on cancer 
cell migration. (A and B) HCT116 and RKO cell lines were transfected with anti-miR-21 and seeded on 
transwell together with 50 ng/ml of anti-ITGβ4 blocking antibody and migration ability was evalu-
ated as described above. In both cases, inhibition of ITGβ4 protein function resulted in cell migration 
enhancement. Levels of ITGβ4 protein are shown for each experiment. ©
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and H3K9me2, were completely absent from the MIR-21 gene 
promoter. A similar analysis performed in Caco-2 cells, which 
lack invasive capacity, has shown reduced levels of H3K3me3, 
H3K9–14ac, and H3K27ac on the MIR-21 promoter. Using 
siRNA to transiently silence GCN5, one of the major histone 
acetyltransferase enzymes, we were able to reduce the expression 
of miR-21 precursor mRNA. Based on this evidence, we suggest 
that the binding affinity of different transcription factors on the 
MIR-21 promoter appears to be in part controlled by epigenetic 
mechanisms, such as the combination of active and repressive 
histone posttranslational modifications operated by histone 

modifier enzymes. Interestingly, we have recently proven that 
deregulation of histone modifier enzymes can be a consequence 
of oncogene transformation in colon carcinoma cell lines.56

ITGβ4 is a novel miR-21 target regulating cell migration 
and EMT

miR-21 targets a number of cancer-related genes. Among 
them are PDCD4, PTEN, SPRY2, RECK, TIAM1, TIPM3, and a 
network of key tumor-suppressive pathways, suggesting that miR-
21 is involved in many malignant properties, including migration 
and invasion.43,57-61 We sought to identify new miR-21 targets 
that might explain the role of miR-21 in EMT. Our research 

Figure 7. Expression analysis of miR-21, its target genes in human CRC specimens and performance of a 3-gene metastasis prognostic assay. (A) Each 
panel compares the expression values of miR-21, ITGβ4, and PDCD4 in normal and in CRC tissues using the box-and-whisker plot. (B) Single-gene quan-
titative PCR data sets were subjected to ROC curve analysis and the performance to discriminate between metastatic and non-metastatic patients was 
tested. Values of AUC are provided in the enclosed table. (C) ROC curve analysis performed using samples with low level of ITGβ4. AUC values for each 
gene are provided in the enclosed table. (D) For the group of samples with low ITGβ4 mRNA level, quantitative 3-gene PCR data sets were combined 
using logistic regression in a unique 3-gene assay and the resulting predicted probabilities were subjected to ROC curve analysis. Sensitivity, specificity, 
cut-off, P value, standard error (SE), and AUC values are enclosed. ©
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revealed ITGβ4 as a new miR-21 target. 
Indeed, miR-21 is able to modulate ITGβ4 
protein expression not only via repression of 
mRNA translation acting on UTR regions, 
but also through mRNA degradation. miR-
21 binding site was identified in the coding 
sequence of ITGβ4 mRNA and inhibition of 
miR-21 resulted in increased ITGβ4 mRNA 
expression. We also report, for the first time, 
a potential active role for the negative strand 
of miR-21 (miR-21*), which is thought to 
be degraded after miR-21 maturation, since 
three putative miR-21* binding sites were 
predicted on the coding sequence of ITGβ4.

ITGα6β4, a heterodimer of ITGα6 with 
ITGβ4, is expressed only in polarized cells, 
such as colon epithelial cells.35 Along with 
plectin, ITGα6β4 is the major structural 
protein of the hemidesmosome, a formation 
that anchors cells to the extracellular 
matrix.62 ITGα6β4 was shown to be able 
to inhibit colon cancer cell proliferation 
and MYC activity.63 Yu et  al. showed that 
plectin, when associated with ITGβ4, serves 
to restrain pancreatic cancer cell migration, 
an interaction that is disrupted by RON 
signaling.64 Similar to these findings, we 
observed a reduction of cell migration in 
anti-miR-21 treated cells, as a consequence, 
at least partly, of ITGβ4 upregulation. Notably, in all cell lines 
analyzed, the levels of ITGβ4 mRNA were not correlated with the 
respective protein levels implying a posttranscriptional regulation 
of this gene. We speculate that re-expression of ITGβ4, along 
with other factors, forms both strong cell-cell and cell-surface 
interactions that reduce the ability of cancer cells to move, as 
shown by confocal pictures. This was proved in the present 
study by coupling cell migration assay with gain of function 
experiments (overexpression of miR-21) and by a functional 
blocking of ITGβ4 protein in living cells.

ITGβ4/MIR-21/PDCD4 three-gene assay can predict 
metastatic potential of CRC

The potential implication of the three-gene, ITGβ4/MIR-21/
PDCD4, deregulated expression in cancer cell movement was 
also studied in clinical CRC, by the analysis of association to 
local (regional lymph node) and/or distant metastasis. Although 
ITGβ4 expression did not show a unique trend as was the case 
for miR-21 and PDCD4, its downregulation in tumor tissue 
samples helped to isolate a group of patients in which relevant 
expression of the three genes miR-21, ITGβ4, and PDCD4 can 
significantly discriminate between metastatic and non-metastatic 
patients. Strong cell-cell interactions need to be disrupted prior to 
cancer cells initiating the complex metastatic cascade, although 
this condition is not enough to confer a metastatic phenotype 
and a plethora of factors are involved in cell-cell interactions. 
Considering the above, we think that downregulation of ITGβ4 
in certain cancer patients is important during the loosening 

of cell junctions and that, together with other pro-metastatic 
factors (e.g., miR-21 and PTEN), regulates metastasis. On the 
other hand, for cancer patients where ITGβ4 expression did not 
change or was even increased, it can be hypothesized that the 
loosening of cell interactions, a step toward metastasis, depends 
on other unidentified factors. Nevertheless, liver metastasis is 
detected in up to 25% at primary diagnosis and occurs during 
disease course in 50–70% after 3 y of follow up. Surgical 
resection of liver is the only therapy that produces long-term cure 
in CRC patients with hepatic metastasis.65,66 Prognostic tools, 
based on molecular markers, that allow prediction of metastatic 
potential in the primary tumor tissue could improve quality of 
pathological reports and allow appropriate selection of patients 
that need special care and follow up. Our findings also enlarge 
the cell-biology pathways that, under the control of microRNAs, 
regulate the metastatic process. In fact, it is established that 
microRNAs, through specific regulatory networks, control 
metastatic progression both via cell-intrinsic and cell-extrinsic 
networks.67

Considering all results, we suggest an interesting network 
that probably controls cell migration and EMT in CRC cell lines 
and a potential diagnostic tool based on miR-21- and targets-
expression (Fig.  8A and B). Epigenetic and genetic pathways, 
subsequent to initial carcinogenic stimuli, induce in parallel 
transcriptional deregulation of critical cancer-associated genes 
and loci. Among them, miR-21 gene causes downregulation 
of tumor suppressor genes (e.g., PDCD4) and epithelial key 

Figure  8. Proposed model of miR-21 regulation and action in cancer and 3-gene diagnostic 
test. (A) A variety of stimuli in tumor tissue might activate genetic (e.g., transcription factors) 
and epigenetic (e.g., histone modifier enzymes) factors leading to aberrant gene expression 
of miR-21. As consequence, key epithelial genes such as ITGβ4 are repressed and the invasive 
and metastatic capacity of cancer cells is augmented, also by regulating EMT. (B) Flowchart of 
3-gene diagnostic test performed on CRC RNA specimens coming from primary tumors.
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genes, such as ITGβ4, enhancing malignant transformation and 
EMT. Clinical data could be further exploited, since relevant 
expression of miR-21, ITGβ4, and PDCD4 in a subgroup of 
specimens can significantly discriminate between patients 
with and without metastasis. Finally, considering the ITGβ4 
inactivating experiments (Fig. 6), putative CRC anti-metastatic 
therapies, aimed to inhibit integrins function, should be carefully 
administrated since they might not suppress cell migration but 
paradoxically activate cancer cell locomotion.

Materials and Methods

Cell culture
Caco-2, DLD-1, HT-29, SW620, HCT116, Colo 205, RKO 

cell lines were maintained in DMEM medium, containing 10% 
fetal bovine serum (FBS), 1× penicillin, 1× streptomycin, and 
2 mM L-glutamine. Cells were incubated at 37 °C, 5% CO

2
 in 

humidified atmosphere.
Migration and invasion assays
Cells were trypsinized, washed with medium containing 1% 

FBS, and counted. 105 cells were plated into upper chamber of 
an 8μm-pore Transwell filter (Corning), mounted in a 24-well 
dish containing 10% FBS medium. Filters were pre-coated 
with fibronectin. Cells were allowed to migrate at 37 °C, 5% 
CO

2
 for 36–40 h, fixed with methanol and stained with 0.1% 

w/v crystal violet. For migration assay in presence of ITGβ4 
blocking antibody, a final concentration of 50 ng/ml of IgG was 
used both for anti-ITGβ4 and for control antibody. Underside 
of filters were observed with 40× objective and migrating cells 
were determined in each well. Experiments were performed in 
duplicate and repeated twice.

Plasmid DNA (pDNA), small interfering RNA (siRNA), 
miRNA mimic and miRNA inhibitor transfections

For pDNA transfection, Caco-2 cells were transfected with 
2 μg of plasmid DNA in a 6-well plate using Lipofectamine™ 
2000 (Invitrogen, USA). For siRNA transfection, cells were 
seeded in 6-well plates and transfected with 50–100 nM of 
ON-TARGETplus SMARTpool (Dharmacon) according to the 
manufacturer’s instructions.

For miRNA mimic and inhibitor transfection, cells were 
seeded in 6-well plates and transfected with 10–20 pmol of 
miRCURY LNA™ microRNA Inhibitor (Exiqon) or with 90 
pmol of mirVana miRNA mimic (Ambion) according to the 
manufacturer’s instructions. Protein and RNA extracts have been 
prepared 24/48 h after transfection.

RNA extraction and reverse transcription
Total RNA was extracted using the TRI®Reagent (Invitrogen) 

following the manufacturer’s instructions. First-strand cDNA 
was synthesized using the Superscript™ II Reverse Transcriptase 
(Invitrogen), according to the manufacturer’s instructions. The 
reaction mixture contained 2 μg total RNA diluted water. The 
final reaction volume was 20 μL.

Quantitative PCR
Quantitative PCR was performed using the SYBR® 

Green chemistry, in 96-well plates (Bio-Rad). PCR runs and 
fluorescence detection were performed in an iQ™5 Detection 
System (Bio-Rad). The reaction mixture (10 μl) contained  
50 ng of cDNA, 5 μL Supermix (Bio-Rad), and 140 nM of gene-
specific primers. The reaction conditions were: 95 °C for 10 min, 
40 cycles of 95 °C for 15 sec and 60 °C for 60 sec. Each reaction 
was performed in triplicate. Dissociation curves of PCR products 
were generated after amplification. Primer sequences are listed 
in Table  S2. For mature MIR21 quantification in relation to 
RNU6B expression, reverse transcription of 10 ng total RNA 
was performed using the MicroRNA Reverse Transcription Kit, 
following the manufacturer’s instructions. Quantitative PCR was 
performed using the TaqMan® chemistry (Applied-Biosystems). 
Experiments have been performed in duplicate and repeated 
twice.

Chromatin immunoprecipitation (ChIP)
Pre-cleared chromatin was incubated overnight by rotation 

with 3–4 μg of antibody or no antibody as a negative control. 
Two microliters of the immunoprecipitated DNA were used 
to evaluate miR-21 promoter enrichment by real-time PCR. 
The results were normalized against levels of an unrelated 
sequence lying within the coding sequence of the GAPDH. 
Primer sequences and antibody are listed in Tables S2 and S3 
respectively. Experiments have been performed in duplicate and 
repeated twice.

Western blotting
Total protein was extracted with 60 μL RIPA lysis buffer and 

western blotting was performed according to standard protocols. 
Blots were incubated overnight at 4 °C with the appropriate 
primary antibodies. Antibodies used are listed in Table  S2. 
Protein extracts have been prepared for at least two independent 
experiments and blots repeated at least twice.

Immunofluorescence assays
Cells used for immunofluorescence assays were fixed with 

methanol/acetone solution (8:1), washed, permeabilized 
with 0.3% Triton-X-100, and blocked with 5% BSA prior to 

Table 1. Statistical analysis values from quantitative PCR data sets for miR-21, ITGβ4, and PDCD4 in human normal and tumor colon tissues

Specimens
Normal 
miR-21

Tumor miR-21 Normal ITGB4 Tumor ITGB4 Normal PDCD4 Tumor PDCD4

Sample size 9 64 9 64 9 64

Lowest value 0.1535 0.4134 1.0000 0.2220 0.5650 0.0109 8

Highest value 2.1838 19.7536 2.4024 160.2007 1.8741 1.3287

Median 0.5894 3.0670 1.3504 1.9675 1.4008 0.2867

P value 0.0001   0.3829 <0.0001
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incubation with primary antibodies. Nuclei were counterstained 
with Hoechst.

Clinical specimens
All patients were informed and gave written informed consent. 

The study protocol was approved by the Medical Ethical Review 
Committee of G. Genimatas General Hospital of Athens.
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